Abstract-In this paper, an optical beam-former in receiving mode has been proposed and experimentally demonstrated. The requirement in system's hardware has been dramatically reduced using a hybrid approach between dispersive and nondispersive delay. The proposed system is capable of supporting RF signals from L-band to X-band, with large coverage and strong robustness against the grating's group delay ripples.
I. INTRODUCTION
For applications with large bandwidth and high frequency requirements, optical beam-forming is a promising candidate. Optical beam-formers inherit advantages characteristics such as large bandwidth, compactness, lightweight, and immunity to electromagnetic interference. More importantly, they can operate squint-free with wideband, high frequency signals, thus avoiding the most significant drawback of the traditional electrical beam-formers.
Optical beamformers using chirped grating and optical delay lines are among the most prominent approaches for photonic beamforming [1] . However, in the former approach, the supported array size is limited since each element requires one tunable laser [2] . In the later approach, the length of the delay device results in many obstacles [3] . In order to combine the advantages of both approaches, optical beamforming systems using a combination of dispersive and non-dispersive delays have been proposed [4] [5] [6] [7] . In [8] , we have shown a hybrid approach between dispersive and nondispersive delay for optical beam-former in transmitting mode.
In this paper, the receiving schematic following our hybrid approach is presented. In our proposed receiver, the number of tunable laser is reduced by more than three times. The number of tunable optical delay line is reduced by two times. The required time delay for both devices is also greatly reduced. Experimental and simulation results have shown that the proposed beam-former can support signals with wide RF bandwidth from L-band to X-band. There were only slight distortions in the simulated radiation patterns in comparison with the ideal radiation patterns.
Since the proposed system use chirped grating, the effect of group delay ripples (GDR) has also been addressed. As studied in [9] [10] , the GDR has a strong negative impact on the performance of optical beam-former using chirped grating in transmission operation. The study in [10] also suggested that grating may not be suitable for receiving operation. However, simulations have shown that our proposed hybrid system is more robust against GDR.
The paper is organized as described. The proposed beamformer is presented in Section II. Experimental and simulation results of the proposed system are shown and discussed in Section III. Finally, conclusions are drawn in Section VI.
II. PRINCIPLES
In order to form the beam toward a particular direction ș in transmitting operation, an amount of time delay t is required between two consecutive elements of a phased array antenna:
where d is the spacing between elements and c is the speed of light. Because of the additive or destructive combination of the transmitted signals from the elements, the main beam in far field would point at the desired direction.
In receiving operations, the above concept is also applied. It is assumed that the receiving signal approaches at the angle ș. The delay between the received signals of two consecutive elements is t. By properly delaying the received signal at each )LJXUH +\EULG RSWLFDO EHDPIRUPHU LQ UHFHLYLQJ PRGH element, the beam-former can provide the strongest accumulated output signal.
The proposed beam-former in receiving mode is shown in Figure 1 . The signal's delay at each element is also noted in that figure. The purpose of the beam-former is to correctly delay the signals, thus obtaining the strongest output signal after the photodiode.
Firstly, the received signal from each element after the low noise amplifier is modulated with an optical signal through an electro-optic modulator. The optical source consists of four lasers. The first and third laser sources are tunable lasers, while the second and fourth laser sources are fixed wavelength lasers. The modulated optical signal for each modulator is noted in Figure 1 .
Couplers are used to combine the modulated signals into several branches. Tunable optical delay lines would delay the signals further in several branches as noted in Figure 1 . All optical delay lines are non-dispersive devices. In order to avoid interferences, at the inputs of the polarizing beam splitter, the two input signals at the same wavelength are turned orthogonal via polarization controllers. Finally, the optical signals are combined and passed through the multichannel chirped fiber grating (MCFG). Details about characteristics of the MCFG can be found in [9] . By tuning the wavelength, the carrier Ȝ 1 is delayed by 4t in comparison with Ȝ 2 , and Ȝ 3 is delayed by 2t in comparison with Ȝ 4 .
As a result, all the input signals have same amount of 7t delay in time. The accumulated output signal after the photodiode should be the strongest possible signal. Only four channels of the MCFG are used in this schematic. Since the MCFG has around 50 channels, it is possible to increase the supported array size by adding similar delay branches before the MCFG. In Table 1 , the comparison between hardware's requirements of the hybrid system versus the typical systems is shown.
Using the hybrid approach, the proposed beam-former has been able to dramatically reduce the number of required optical devices and delay requirement from optical delay lines. Therefore, the proposed hybrid approach has been able to subdue the most prominent disadvantages of optical beamformers using chirped grating and optical delay line [2, 3, 11] .
III. EXPERIMENTAL AND SIMULATION RESULTS
In order to test the hybrid system, experiments have been conducted. The experiments were used to measure the delay capability in time domain of the proposed hybrid optical beamformer scheme. The tuning ranges of the tunable sources were from 1547.373 to 1547.643 nm for the first wavelength and from 1548.982 to 1549.252 nm for the third wavelength. The resulting delays between the RF output signals after the photodiodes at the outputs are shown in Figure 2 . As seen in those figures, the time delays are mostly linear. The results indicate that the tuning devices in the system, such as the laser sources and the optical lines, can be programmed to linearly and continuously tune.
The amount of delay stayed mostly unchanged at different RF signal frequencies, as shown in Figure 3 . Considering the optical system as a black box, those results indicated that the system is able to support signals for L, S, C, and X-band arrays. The measured group delays of the two set of elements are also nearly the same since the MCFG channels have similar characteristics.
The measured data was imported into Matlab to simulate the radiation pattern. The simulated arrays were 8-element arrays with half-wavelength spacing at 8 GHz and 2 GHz. Using the measured data, the first array was able to steer from broadside to 58°, while the second array was able to steer from broadside to 17°. For the 8-element array, the MCFG is only needed to provide 4t in time delay. A typical schematic using chirped grating requires the grating to provide 7t. As a result, given the same amount of delay from the MCFG, a typical beam-former using chirped grating can only steer the beam toward 29° for 8 GHz RF signals and toward 10° for 2 GHz RF signal, respectively.
In Figure 4 , the simulated radiation pattern were compared with the ideal radiation patterns, where the there is no GDR and no amplitude fluctuations. The effect of mutual coupling was calculated in all cases. There was less than 0.2° and less than 0.5° in main beam direction error for the 2 GHz and 8 GHz arrays, respectively. However, each signal passing through one optical delay line suffered 1 dB loss. As a result, the non-uniform power distribution caused the main beam gain to decrease by 2.57 dB and the sidelobe level to increase by 0.6 dB. The simulated pattern's 3dB beam width is increased by about 0.17°.
As analyzed in [9] [10] , the fluctuations in group delay characteristic of the grating force many limitations on the optical beamformer using chirped grating. Since the proposed beamformer uses a chirped grating, its robustness against the GDR error should be tested. The main beam direction errors of the proposed system were compared with which of a typical optical beamformer using chirped grating.
In Figure 5 , the errors in the hybrid system stay mostly the same for different array sizes. In comparison, the errors of the typical system quickly increase. The reason for that relates to the way the chirped grating is used. In a typical beamformer, each element is directly controlled via the delay of the grating, while the hybrid method only uses two channels of the grating to control the array. The less dependence on dispersive delay also reduces the negative effect of the group delay ripples.
In receiving, the quality and the signal's impulse response also have a higher priority. Previous report suggested that optical beamformers using chirped grating do not perform well in reception [10] . However, the system in [10] did not use the hybrid approach. The proposed system, on the other hand, is robust against GDR.
Using the same condition as in [10] , linear frequency modulated (LFM) signals were used in the simulations. However, in the hybrid system, the influence from GDR was minimized. Only two wavelengths were tuned across a small region in the grating and only a part of the total delay was from the grating. Therefore, the GDR was reduced several times. The study in [10] also agreed that small ripples do not reduce the system performance. However, the system in [10] could not achieve this goal since every element was under the influence from GDR.
For example, a simple case of LFM has been considered. In Figure 5 , the impulse response of a LFM with bandwidth of B=1 GHz and pulse duration of T=10 ȝs with and without GDR are shown. The centre frequency was chosen as 7.5 GHz. As seen in the figure, the two cases were almost undistinguishable. All the important factors such as the 3dB width of the main lobe, the main lobe position, the number of sidelobes, and the sidelobe level are mostly unchanged. The change in main lobe level across the signal bandwidth was only around 0.015 dB.
IV. CONCLUSION
In this paper, an optical beam-former in receiving mode using a hybrid approach between dispersive and nondispersive delay has been introduced. The support RF signal covers a huge bandwidth from L-band to X-band. In addition, the proposed beam-former has provided such promising capabilities using incredibly less requirement in optical hardware and time delay. Analysis about the effect of GDR has also indicated that the proposed system is more robust against GDR
